Nonlinear defect interactions between the 180° domain wall and oxygen-vacancies (O-vacancies) in PbTiO3, and the characteristic ferroelectricity due to the interactions are investigated using first-principles calculations based on the hybrid Hartree-Fock (HF) density functionals, which correctly reproduce the band gap and provide the accurate defect electronic structures. We show that an oxygen vacancy is likely to form at 180° domain walls than inside the bulk and the vacancy behaves as a double shallow donor that contributes to partial conductivity preferentially than that inside the bulk. The defect interactions between 180° domain walls and oxygen vacancies have a significant influence on the polarization distribution in PbTiO3, and the effect differs depending on the location of O-vacancies with respect to the domain wall. An oxygen vacancy that is located in the polar [001] direction relative to the Ti atom suppresses ferroelectricity around the vacancy in front of a domain wall, and enhances ferroelectricity only an the center of domain wall, which leads to a shift of the domain wall towards the vacancy and pinning of the domain wall. On the other hand, an O-vacancy that is located in the non-polar [100] and [010] directions relative to the Ti atom induces polarization perpendicular to the [010] axis and outward from the vacancy. Furthermore, the magnitude of polarization change around the O-vacancy inside the 180° domain wall is larger than inside the bulk, which originates from the strong interaction between the 180° domain wall and O-vacancy. These results will provide significant fundamental insight for the design of ferroelectrics.
Introduction
Ferroelectric perovskite oxides have attracted great interest and attention because of their industrial applications such as nonvolatile random access memory (FeRAM), actuators, sensors, and transducers. (Ramesh, 1997) The ferroelectrics typically consist of domains, each of which has a uniformly oriented spontaneous polarization. In PbTiO3, there are 90° and 180° domain walls, where the polarization directions of neighboring domains are perpendicular and antiparallel, respectively. The domain configuration plays a significant role in determining both the electrical and mechanical properties of ferroelectrics. For example, the macroscopic spontaneous polarization and piezoelectric response are strongly affected. (Lines and Glass, 2001 ) (Hosseini, et al., 2007) In addition, the kinetics of the domain walls is closely related to polarization fatigue, which is time-dependent decay in switchable remnant polarization. Thus, ferroelectricity and related properties are closely dominated by domain walls.
The presence of point defects such as vacancies and impurities also have a strong influence on the performance and lifetime of ferroelectric devices. Many defects have been observed even in crystal samples that are carefully grown. (Gerson, 1960) (Gerson and Jaffe, 1963) (Hau and Wong, 1995) (Tagantsev and Stolichnov, 2001 ) Vacancies, particularly charged vacancies, are often the most common defect, can considerably alter the material properties. (Scott and Dawber, 2000) (Pöykko and Chadi, 1999) (He and Vanderbilt, 2003) (Du and Wei, 1998) (Burns and Scott, 1970) (Du and Chen, 1998) In particular, ferroelectricity that originates from a delicate balance between long-range Coulomb and short-range covalent interactions, (Cohen, 1992) (Kuroiwa, et al., 2001 ) (Resta, et al., 1993) (Zhong, et al., 1994) is strongly affected by vacancies because the presence of a vacancy results in a loss of short-range interaction at a local site due to the breaking of a covalent bond, and the charged state of the vacancy additionally leads to an imbalance of the long-range Coulomb interaction. Considering that vacancies in ferroelectric materials are often coupled with domain walls through the pinning effect, (Scott and Dawber, 2000 ) (Warren, et al., 1681) (Pöykko S and Chadi, 1999) (He and Vanderbilt, 2003) (Du and Wei, 1998) (Burns and Scott, 1970) such defect-defect interactions between vacancies and domain walls may lead to a dramatic change or disturbance of the ferroelectric properties that the materials intrinsically possess. In particular, oxygen-vacancies (O-vacancies) have been reported to strongly affect the polarization fatigue process of perovskite oxides, and thus polarization fatigue is a crucial problem for ferroelectrics. (Scott and Dawber, 2000) (Warren, et al., 1681) (Pöykko S and Chadi, 1999) (He and Vanderbilt, 2003) (Du and Wei, 1998 ) Therefore, to reveal the defect interactions between O-vacancies and domain wall structures is important for the design of ferroelectric devices.
Experimental and theoretical first-principle studies have shown that the effective ranges of domain walls and vacancies are extremely narrow at the atomic level, i.e., within several lattices. In addition, the properties of a vacancy are mainly characterized by the electronic states newly created in the band gap of the system, i.e., a defect electronic state. Hence, a detailed investigation from an atomistic and electronic perspective is essential to understand the nonlinear defect interactions between vacancies and domain walls. For investigating the electronic properties of point defects in insulators and semiconductors, ab initio density functional theory (DFT) calculations have been commonly used so far. (Hohenberg and Kohn, 1964) (Kohn and Sham, 1995) In these previous studies, the local density approximation (LDA) (Deperley and Alder, 1980) or the generalized gradient approximation (GGA) (Rewdew, et al., 1992) (Perdew, et al., 1996) functionals were often employed to describe the exchange-correlation energy within DFT. However, both the LDA and GGA tend to underestimate the band gaps of insulators and semiconductors. (Shimada, et al., 2011) (Park and Chadi, 1998) (Pöykko S and Chadi, 1999) (Pöykko S and Chadi, 2000) (Zhang, et al., 2006) (Elhart, et al., 2007) (Alahmed and Fu, 2007) (Zhang, et al., 2008) (Yao and Fu, 2011) (Shimada, et al., 2012a (Shimada, et al., , 2012b (Robertson, et al., 1995) The LDA and GGA describe the conduction bands instead of the defect states, which leads to a critical misprediction of the electronic structures of point defects. Hybrid Hartree-Fock (HF) density functional, (Heyd, et al., 2003) includes in part the exact nonlocal exchange of HF theory to DFT and has been shown to accurately reproduce the band gaps of insulators and semiconductors. Therefore, for an accurate description of the defect physics, the use of the hybrid functional is indispensable. (Shimada, et al., 2013) In this study, we investigate the nonlinear defect interactions between the 180° domain wall and an O-vacancy in PbTiO3 and the resulting ferroelectricity using first-principles calculations based on the hybrid HF density-functional calculations. This paper is organized as follows. In Sec. II, we describe the details of the simulation procedure. In Sec. III, the energetic stability of an O-vacancy around a 180° domain wall and the charge transition levels of vacancies are discussed. In addition, the ferroelectricity at a 180° domain wall with an O-vacancy in PbTiO3 is presented. Finally, the results are summarized in Sec. IV.
Computational details 2.1 Simulation method
We conducted ab initio calculations (Kohn and Sham, 1995) using the Vienna Ab initio Simulation Package (VASP) code. (Kresse and Hafner, 1993) (Kresse and Furthmüller, 1996) The plane-wave basis-set is used to represent electronic wavefunctions with a cut-off energy of 400 eV. The pseudopotentials based on the projector augmented wave (PAW) method (Blöchl, 1994) (Kresse and Joubert, 1999) explicitly include the Pb 5d, 6s, and 6p, the Ti 3s, 3p, 3d, and 4s, and the O 2s and 2p electrons as valence states. Spin polarization is considered for all calculations. Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid functional (Heyd, et al., 2003) is used for the description of the exchange-correlation energies, which includes in part the exact nonlocal exchange of Hartree-Fock theory into the Perdew-Burke-Ernzerhof functional (PBE) (Perdew, et al., 1996) of the GGA. The exchange potential is composed of 25% of the HF exchange and 75% of the PBE exchange as Heyd et al. suggested, (Heyd, et al., 2003) while electronic correlation is represented by the PBE functional. A screening parameter for the semilocal PBE exchange and the screened nonlocal exchange is 0.2 Å -1 . The effectiveness and validity of the HSE06 hybrid functional was carefully tested and confirmed for ferroelectric PbTiO3 by comparing available exchange-correlation functionals in a recent paper. (Shimada, et al., 2011) For example, the band gap is evaluated as 1.62 eV using the LDA functional, (Shimada, et al., 2011) which has been commonly used to investigate the atomic and electronic structure of PbTiO3 in previous studies, but is less than half of the experimental value of 3.4 eV. (Robertson, et al., 1995) On the other hand, the band gap calculated by the HSE06 hybrid functional is 3.41 eV with extremely high accuracy (error less than 1%). (Shimada, et al., 2013) 
Simulation models and procedure
In this study, we investigate the 180° domain walls with O-vacancies in ferroelectric PbTiO3. Figure 1 shows the simulation model. The 180° domain wall is the most stable in Pb-centered configuration. (Behera, et al., 2011) A threedimensional periodic boundary condition is applied in the plane-wave pseudopotential calculations, so that the supercell size along the x direction is six unit cells where undesirable interactions from the neighboring domain wall are sufficiently avoided. A vacancy, denoted as q α V (α = O1, O2 and O3), is introduced by the removal of one corresponding atom from the simulation supercell. Here, the oxygens O1, O2 and O3, which are located in the polar [001], non-polar [010] , and non-polar [100] directions relative to the Ti atom, respectively, are not equivalent to each other due to the tetragonal symmetry and additional symmetry breaking due to the domain wall. q denotes the charge state of the vacancy and all possible charge states, q=0-2+ for the O1, O2 and O3 vacancies. The vacancy-vacancy interactions due to the threedimensional periodic boundary condition can be ignored by the introduction of two or more unit cells along the y and z directions. Thus, the simulation cell dimensions in the x, y, and z directions were set to 6a, 2a, and 2c, respectively, where a and c are the theoretical lattice constants of bulk PbTiO3, a=3.876 Å and c=4.150 Å. The Brilloum zone (BZ) integrations is carried out with a 1×2×2 Monkhorst-Pack k-point mesh. (Monkhorst and Pack, 1976) To obtain the structural ground state, the atomic configuration is fully relaxed using the conjugate gradient method until the HellmannFeynman forces are less than 0.01 eV/Å. (Shimada, et al., 2013) VBM E is the valence band maximum (VBM) of PbTiO3 with a potential alignment correction (Yao and Fu, 2011) (Choi, et al., 2008) . F ε is the Fermi level measured from the VBM which vary from the VBM to the conduction band minimum (CBM). ) perfect ( tot E is the total energy of perfect (defect-free) PbTiO3. V has high and positive formation energy at 2.44 eV at the VBM, which indicates that the formation of the neutral O1-vacancy is hard even under oxygen-poor conditions. Moreover, the formation energy of
Stability of vacancies
V is the most low at the VBM among them, which exhibits that the O1 vacancy is preferentially doubly ionize. This trend vary under the condition that the Fermi level is near the CBM, where the formation energies of O1-vacancies with different charged state are large and positive at approximately 2.7 eV. Thus O1 vacancy is unlikely to form near the CBM. These trend are nearly the same in bulk PbTiO3 with each oxygen-vacancy, but the value of the formation energy is different which is discussed later.
The tendency of the formation energy for O2 and O3 vacancies is similar to the O1 vacancies basically, whereas the value for O2 and O3 is slightly higher than that of the O1 vacancies. Thus, the position of oxygen-vacancy formed in ferroelectric material is highly influenced by the existance of 180° domain wall in crystal. Figure 3 shows vf E for O1 V , O2 V , and O3 V with respect to F ε under oxygen-poor and oxygen-rich conditions.
The vacancy formation energies in bulk PbTiO3, where O2 V and O3 V are similar due to the tetragonal symmetry, are also shown for comparison. We take the lowest formation energy among all the charge states for each vacancy at each Fermi level. As shown in fig.3 (a) , the formation energies of O1, O2 and O3 vacancy in 180° domain wall are negative over a wide range of Fermi levels ( 7 . 1 F < ε eV) under oxygen-poor condition, which exhibits that oxygen vacancies can be formed around 180° domain wall spontaneously during crystal growth. Moreover, the formation energies of O1, O2 and O3 in 180° domain wall are lower than those of the bulk over the entire range of Fermi levels, which exhibits that oxygen vacancies in PbTiO3 are formed more easily near a 180° domain wall than in the bulk. To date, there have been several reports on the presence of O-vacancies inside the domain walls in ferroelectric PbTiO3, which indicates the validity of these results. On the other hand, the formation energy of O1, O2 and O3 vacancy significantly increase under oxygen-rich condition, so that the stability ranges of O1 V , O2 V and O3 V are restricted within the narrow range at 4 . 0 F < ε eV. Thus, O1, O2 and O3 vacancies become less stable under the oxygen-rich condition. Figure 4 shows the charge transition levels for each vacancy at the 180° domain wall in ferroelectric PbTiO3. The defect-transition level corresponds to the intersection of the vacancy formation energies for the different charge states [see also Tomoda, Shimada, Ueda, Wang and Kitamura, Mechanical Engineering Journal, Vol.2, No.3 (2015) © 
Ferroelctricity of a 180° domain wall with O-vacancy in ferroelectric PbTiO3
For understanding the influence of vacancies on the ferroelectricity of a 180° domain wall in PbTiO3, we introduce a site-by-site local polarization
, (Shimada, et al., 2008 ) (Shimada, et al., 2010a ) (Meyer and Vanderbilt, 2002 ) (Shimada, et al., 2010b) (Shimada, et al., 2012) (Pilania and Ramprasad, 2010) (Shimada, et al., 2009 ) which can be used to interpret atomic displacements in a local unit cell i, with respect to the ferroelectricity, and can be evaluated from:
where c Ω , e , and j u denote the volume of the local unit cell i, the electron charge, and the atomic displacement vector from the ideal cubic lattice site of atom j, respectively. The index j covers all atoms in the local unit cell, i.
* j Z is the Born effective charge tensor of atom j. The Born effective charge tensors from the literature (Zhong, et al., 1994) listed in Table1 are used in in this study. The local polarization is evaluated for each local unit cell i, and defined for each centered atom, as illustrated in Fig. 5 . The weight j w , is set according to the number of unit cells that share atom j, e.g., for the Pb-centered local unit cell. Note that the local polarization concept was previously validated and has been successfully employed to provide detailed polarization distributions, e.g., at domain walls, (Shimada, et al., 2008) (Shimada, et al., 2010a) (Meyer and Vanderbilt, 2002) in thin films, (Shimada, et al., 2010b) nanotubes, (Shimada, et al., 2012c) and nanowires. (Pilania and Ramprasad, 2010) (Shimada, et al., 2009) V in ferroelectric PbTiO3.
We calculate the local polarization in each atom centered unit cell as shown in Fig.5 and represent the polarization magnitude and direction by an arrow from the atom. The yellow and green arrows indicate the local polarization and the polarization difference from a perfect (defect-free) 180° domain wall in PbTiO3, respectively, at the left and right side in Fig. 6(a) . The blue and red arrows indicate spontaneous polarization in the bulk, which their arrow length is different at the left and right side to explain the result clearly. And the local polarization distribution in a 180° domain wall with no vacancy in ferroelectric PbTiO3 , where the polarization direction changes from upward on the one side to downward on the other and there is no polarization at the center of the domain wall, is shown in Fig. 6 (c) V suppresses ferroelectricity around the vacancy in front of the domain wall, where the left side of the domain wall, and induces ferroelectricity only at the center of domain wall. Thus, an O1-vacancy around a 180° domain wall in PbTiO3 causes a shift of the domain wall towards the vacancy and pinning of the domain wall, which corresponds to the previous theoretical study. (He and Vanderbilt, 2003) This effect is significantly enhanced when the O1 vacancy is 2+ charged [see also Fig. 6(b) ]. The change of polarization immediately around
V is particularly large, so that the local polarization in front of the domain wall becomes almost zero. V . Thus, the effect of the O-vacancy on the polarization distribution in a 180° domain wall is completely different depending on the position of the O-vacancy with respect to the domain wall. Furthermore, the magnitude of change in the polarization of the 180° domain wall is larger than that in the bulk. In particular, the range of the effect of the O1-vacancy is not only around the O1-vacancy, but also across the 180° domain wall. Thus, the effect of the O-vacancy on the polarization distribution in a 180° domain wall is stronger than that in the bulk, which is due to the strong interaction between the domain wall and O-vacancy. 
Conclution
We investigated the nonlinear defect interaction between the 180° domain wall and O-vacancy in PbTiO3, and the resulting ferroelectricity by using first-principles calculations based on the hybrid HF density-functional calculations, which correctly describes the band gap and provides accurate defect electronic states. From an energetic view, an Ovacancy is more likely to form inside a 180° domain wall than inside the bulk over a wide range of Fermi-energy under oxygen-poor conditions, where the vacancy acts as a double shallow donor and contributes to the conductivity preferentially than that inside the bulk.
The defect interaction between the 180° domain wall and O-vacancy strongly influences the polarization distribution in PbTiO3, and the effect is completely different depending on the location of the O-vacancy with respect to the domain wall. An O-vacancy that is located in the polar [001] direction relative to the Ti atom suppresses ferroelectricity around the vacancy in front of the domain wall, and enhances ferroelectricity only at the center of domain wall, which leads to a shift of the domain wall towards the vacancy and pinning of the domain wall. On the other hand, an O-vacancy that is located in the non-polar [100] and [010] directions relative to the Ti atom induces polarization perpendicular to the [010] axis and outward from the vacancy. Furthermore, the magnitude of the polarization change around an O-vacancy inside the 180° domain wall is larger than that inside the bulk, due to the strong interaction between the 180° domain wall and O-vacancy.
